It is well known that bacterial infections impair hepatic drug metabolism in humans (28) and that endotoxin, a component of the cell wall of gram-negative bacteria, plays a key role in this phenomenon (18) . That is, endotoxin reduces the clearance of hepatically metabolized drugs in humans (27) , as well as in experimental animals (21) , and decreases the total cytochrome P450 (CYP) content and catalytic activity (18) .
Endotoxin stimulates the release of a variety of mediators, including interleukins, gamma interferon, tumor necrosis factor alpha, and nitric oxide (NO). Among them, NO is significantly released following endotoxin administration, subsequent to the expression of inducible NO synthase (iNOS) (1, 12, 17, 20, 25) . NO may be involved in decreasing hepatic drug-metabolizing activity by endotoxin via at least two mechanisms: (i) overproduction of NO, followed by binding to the heme moiety of CYP, resulting in decreased catalytic activity (5, 11, 16) , and (ii) reduction of CYP activity and mRNA expression by NO itself (2, 11, 29, 32) . However, it is difficult to distinguish which mediator(s) is important in causing hepatic CYP down-regulation since some cytokines produced by endotoxin have an ability to decrease hepatic enzymatic activity. That is, the injection of interleukin-1 (6, 15, 19, 33) , gamma interferon (2, 9), or tumor necrosis factor alpha (6, 22) itself decreases certain CYP activities and their mRNA expression. Furthermore, according to recent studies using primary cultured hepatocytes (26) and iNOS knockout mice (25) , endotoxin itself decreases the mRNA expression and protein content of CYP.
Almost all of these studies have used in vitro or ex vivo methods such as primary cultured hepatic cell systems (2, 6, 19, 26) , V79 Chinese hamster cells expressing CYP subtypes (29) , and liver microsome preparations (5, 9, 11, 15, 16, 19, 22, 25, 32, 33) to investigate hepatic CYP activity, as well as protein content. There have been no experiments analyzing the net drug-metabolizing enzyme activity and the impact of the three above-mentioned mechanisms in endotoxemic animals, other than one study investigating levels of L-alanine aminotransferase and L-aspartate aminotransferase in plasma, parameters of hepatic injury (30) . A recent study in our laboratory demonstrated that Klebsiella pneumoniae endotoxin (1 mg/kg) dramatically reduces the systemic clearance of antipyrine (21) , a drug metabolized mainly in the liver (10) . The endotoxin effect reached a maximum 24 h after the injection, and the control level was regained 96 h after the injection with no toxic damage to the liver (21) . These studies also have demonstrated that endotoxin down-regulated some hepatic enzyme activities, including CYPs (21) , suggesting that decreasing antipyrine clearance caused by endotoxin may be, in part, due to dysfunction of these hepatic enzymes. However, details of the mechanism were not known.
In the present study, the role of NO in endotoxin-induced decreases in antipyrine clearance was investigated in rats by using a potent iNOS inhibitor, S-methylisothiourea (SMT) (30) , and an NO donor, (Ϯ)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide (FK-409) (4, 13, 14) . The results suggest that overproduction of NO by endotoxin contributes significantly to decreases in hepatic CYP-mediated drug-metabolizing enzyme activity.
MATERIALS AND METHODS
The procedures involving animals and their care were in accordance with the guidelines of the Nagoya University Animal Care Committee and the Animal Welfare Act (U.S. Department of Agriculture).
Animals. Eight-week-old male Wistar rats (Japan SLC Inc., Hamamatsu, Japan) were used in all experiments. The animals were maintained in a temperature-and humidity-regulated room (22 to 24°C and 55% Ϯ 5%, respectively) with food and water supplied ad libitum under controlled lighting (lights on from 0800 to 200 h) for at least 3 days before the experiment and surgery.
Chemicals. Antipyrine and phenacetin were purchased from Sigma Chemical Company (St. Louis, Mo.), and SMT was obtained from Research Biochemical Institute (Natick, Mass.). FK-409 was kindly donated by Fujisawa Pharmaceutical Co. Ltd. (Tsukuba, Japan). Endotoxin was isolated from a culture supernatant of K. pneumoniae LEN-1 (O3:K1 Ϫ ) (7, 8) , a decapsulated mutant strain derived from K. pneumoniae Kasuya (O3:K1) (23) , which successfully decreased the clearance of antipyrine at a dose of 1 mg/kg in the previous study (21) . All of the other chemicals used were obtained commercially and were used without further purification. Endotoxin, antipyrine, SMT, and FK-409 were dissolved in sterilized isotonic saline.
Pharmacokinetic experiments. One day before the start of the experiments, rats were anesthetized with sodium pentobarbital (25 mg/kg of body weight) and the right jugular vein was cannulated with a sterilized polyethylene tube for drug administration and blood sampling. The peritoneal cavity was also cannulated with a sterilized polyethylene tube for repeated FK-409 or saline injections in order to reduce handling stress.
In the experiments, rats received a bolus intravenous injection of antipyrine (20 mg/kg of body weight) 24 h after an intraperitoneal injection of isotonic saline or endotoxin (1.0 mg/kg) and 22 h after an intraperitoneal injection of saline or SMT (5 mg/kg). In the experiments using FK-409, rats received 14 intraperitoneal injections of FK-409 (10 mg/kg) or saline 30 or 60 min apart (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5.5, 6.5, 7.5, and 8.5 h after the first injection) over 8.5 h in a pattern determined to mimic the effects of an endotoxin injection (1 mg/kg) on plasma nitrite and nitrate (NOx) (see Fig. 1 and 3 ). This regimen was selected by simulation of the NO-producing effects of FK-409 in a one-shot study (see Fig. 3 , inset). It should also be noted that since FK-409 causes hypotension in the first 15 min after the injection, we administered FK-409 at 30-or 60-min intervals, not as a continuous infusion. Rats then received a bolus intravenous injection of antipyrine (20 mg/kg) 7 h after the final dose of FK-409.
In order to analyze plasma antipyrine concentrations, blood samples (approximately 0.25 ml each) were collected 30, 60, 90, 120, 180, 240, and 300 min after antipyrine administration. Plasma samples were immediately centrifuged at 6,000 ϫ g for 5 min and stored at Ϫ40°C until analyzed.
Biochemical determinations. Concentrations of NOx in plasma were measured with a commercial kit (Nitrate/Nitrite Colorimetric Assay Kit; Cayman Chemical, Ann Arbor, Mich.). Briefly, plasma samples collected at appropriate time points were ultrafiltered (molecular cutoff of 10,000) at 6,000 ϫ g for 50 min. Filtered samples were allowed to incubate for 3 h with nitrate reductase and its cofactor and to react with Griess reagents for 20 min. The A 540 was measured with a microplate reader (Molecular Devices Ltd., Crawley, United Kingdom) and converted to NOx concentrations by using a nitrate standard curve. Recovery of nitrate in this assay was over 95%.
Drug analysis. Concentrations of antipyrine in plasma were measured by high-performance liquid chromatography (HPLC) with a slight modification of a previously described method (24) . The HPLC apparatus was an LC-6A system (Shimadzu, Kyoto, Japan) consisting of an LC-6A liquid pump, an SPD-6A UV-VIS spectrophotometric detector, and an SIL-6A autoinjector. A Cosmosil 5C 18 column (4.6 by 150 mm; Nacalai Tesque, Kyoto, Japan) was used with a column oven (OTC-6A) heated to 40°C. The UV detector was set at 254 nm. The mobile phase was 30% (vol/vol) methanol in distilled water, and the flow rate was 1.5 ml/min. Phenacetin was used as an internal standard. Standard curves for measuring antipyrine in plasma proved to be linear for concentrations ranging from 0.5 to 50 g/ml with a correlation coefficient of 0.999. The intra-and interassay coefficients of variation for the HPLC assay were less than 6% at concentrations of 5 and 20 g/ml. The detection limit of antipyrine was 0.2 g/ml.
Data analysis. Plasma concentration-time data for antipyrine in each rat were analyzed individually by noncompartmental methods. The area under the plasma concentration-time curve (AUC) and the area under the first-moment curve (AUMC) were calculated by the trapezoidal rule method up to the last measured plasma concentration and were extrapolated to infinity by adding the value of the last measured plasma concentration divided by the terminal elimination rate constant, which was calculated by determining the slope of the least-squares regression line from the terminal portion of the log concentration-time data. Systemic clearance (CL sys ) was calculated by dividing the dose by the AUC. The steady-state volume of distribution (V ss ) was calculated as V ss ϭ CL sys ϫ MRT, where MRT represents the mean residence time, which was calculated as MRT ϭ AUMC/AUC. All computer analyses were performed by using a nonlinear least-squares regression program (MULTI), written by Yamaoka et al. (34) , by weighting the data with the reciprocal of the concentration.
Statistical analysis. Results were expressed as means Ϯ standard errors for the indicated number of experiments. Statistical comparisons among the groups were assessed by one-way analysis of variance (ANOVA). When F ratios were significant (P Ͻ 0.05), Scheffe's post-hoc tests between two groups were done and P values of Ͻ0.05 were considered statistically significant post-hoc differences. 
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FIG. 2. Mean semilogarithmic plots of plasma concentration-time data for
antipyrine in untreated rats and in rats pretreated with endotoxin (1 mg/kg given intraperitoneally), and/or SMT (10 mg/kg given intraperitoneally). Each symbol represents the mean Ϯ the standard error (n ϭ 6). Symbols: E, control; F, endotoxin only; , endotoxin plus SMT; ƒ, SMT only. the inhibitory effect of endotoxin on antipyrine metabolism was reversed by coadministration of SMT. The corresponding pharmacokinetic parameter, CL sys of antipyrine, is summarized in Table 1 . Endotoxin significantly decreased the CL sys of antipyrine to approximately 50% of the control (Table 1) without any changes in the volume of distribution (data not shown). The effect of endotoxin was significantly reversed by coadministration of SMT. No effect of SMT itself on the CL sys of antipyrine was observed.
Effect of SMT on endotoxin-stimulated plasma NOx levels. The level of plasma NOx was measured 12 h after endotoxin injection in order to assess the effect of SMT on NO production. Plasma NOx concentrations in rats treated with saline, endotoxin, endotoxin-SMT, and SMT alone are summarized in Table 1 . Endotoxin dramatically stimulated NO release, and the plasma NOx concentration reached approximately 400 M, which is a 35-fold increase over the basal plasma NOx concentrations. Pretreatment with SMT significantly decreased the endotoxin-induced increase in the plasma NOx concentrations by approximately 60%, whereas SMT itself did not show any effect on NO release. Plasma NOx levels stimulated by single and repeated administrations of FK-409. The concentration of NOx in plasma was measured after a single intraperitoneal injection and after repeated administrations of FK-409 (10 mg/kg). As shown in Fig. 3 (inset) , a single administration of FK-409 immediately released NO into the plasma and increased plasma NOx concentrations, which returned to basal values within 3 h. The high plasma concentration of NOx observed after a single injection of FK-409 is not likely due to be an artifact of drug interference with the NOx assay, because high concentrations of FK-409 alone did not show any absorbance in our assay (data not shown). In the repeated-administration regimen, FK-409 was injected in a pattern (see Materials and Methods) which was designed to mimic endotoxin-induced plasma NOx concentrations over time. This pattern was based on the plasma concentration-time data of NOx after a single injection of FK-409, and as desired, plasma NOx concentrations induced by this regimen were maintained at more than 250 M for 8 h and reached a maximum 12 h before the start of antipyrine pharmacokinetic studies (Fig. 3) . Indeed, this NOx profile is very similar to that seen after endotoxin injection (Fig. 1) .
Effect of repeated administration FK-409 on metabolism of antipyrine. The mean semilogarithmic plasma concentrationtime curves for antipyrine in rats pretreated with FK-409 or saline are illustrated in Fig. 4 . The corresponding pharmacokinetic parameter, CL sys , of antipyrine is as follows. The CL sys of antipyrine in rats repeatedly administered saline or FK-409 (10 mg/kg, intraperitoneally) was 0.645 Ϯ 0.064 or 0.268 Ϯ 0.016 liters/h/kg of body weight, respectively. These values are the mean Ϯ standard error of six rats. ANOVA revealed a statistically significant difference between the groups [F(1, 10) ϭ 101.422; P Ͻ 0.0001]. The FK-409-treated group differed significantly (P Ͻ 0.01) from the saline-treated group (Scheffe's post-hoc test). Thus, repeated doses of FK-409 significantly delayed the disappearance of antipyrine from plasma and dramatically decreased the CL sys of antipyrine by 60% without any change in the V ss (data not shown).
DISCUSSION
We have recently reported that K. pneumoniae endotoxin nonselectively suppresses the activity of hepatic CYP-mediated a The values shown are means Ϯ the standard errors, and the number of animals per group is in parentheses. NOx levels were measured 12 h after endotoxin injection.
b SMT was given at 10 mg/kg of body weight intraperitoneally, and endotoxin was given at 1 mg/kg of body weight intraperitoneally.
c ANOVA revealed a statistically significant difference between groups [F(3, 19) ϭ 21.23; P Ͻ 0.0001].
d ANOVA revealed a statistically significant difference between groups [F(3, 32) ϭ 110.13; P Ͻ 0.0001].
e Significantly different from the control group (P Ͻ 0.01). drug-metabolizing enzymes without causing severe liver tissue damage (21) . In the present study, we investigated the role of NO in the endotoxin-induced reduction of hepatic CYP-mediated drug-metabolizing enzyme activity by using antipyrine as a model substrate in rats. Intraperitoneal injection of endotoxin (1 mg/kg) caused prolonged overproduction of NO. The selective iNOS inhibitor SMT reversed the decreasing antipyrine clearance and inhibited the overproduction of NO in endotoxemic rats. Repeated injections of the NO donor FK-409, causing an elevation of the NOx level that mimicked the endotoxin-induced overproduction of NO, also produced delayed antipyrine metabolism. These findings clearly show that overproduction of NO contributes to the endotoxin-induced decrease in the activity of hepatic CYP-mediated drug-metabolizing enzymes in rats. It is noteworthy that the present experiments are the first to use an NO donor to demonstrate the inhibitory effect of excessive NO on drug metabolism in living animals. In addition, it is likely that the inhibition of iNOS activity is important in the decrease in antipyrine clearance caused by endotoxin since a nonselective endothelial NOS/ iNOS inhibitor, N G -nitro-L-arginine methyl ester, aggravates endotoxin-induced liver damage, as expressed by L-alanine aminotransferase and L-aspartate aminotransferase levels (31), differently from SMT (31) .
The results reported here suggest an interesting relationship between plasma NOx concentrations and decreases in CYP enzyme activities. As presented in the studies with endotoxin treatment and repeated FK-409 administration, the CL sys of antipyrine was dramatically decreased in the presence of peak NOx plasma concentrations of over 300 M, whereas the protective effect of SMT on decreasing antipyrine clearance (hepatic drug-metabolizing enzyme activity) was evident in the presence of NOx at a maximum plasma concentration of approximately 170 M (Table 1) . Likewise, no significant changes in antipyrine clearance were observed in rats treated with seven intraperitoneal injections of FK-409 although peak plasma concentrations of NOx reached approximately 150 M (data not shown). On the basis of these observations, we surmise that a certain minimum plasma NOx concentration maintained over a certain length of time is apparently necessary to affect drug metabolism. Furthermore, it should be noted that FK-409's effect is not caused by the direct action of FK-409 and/or its metabolites, because the chemically degraded products of FK-409 neither produced NO nor changed antipyrine metabolism (data not shown).
The current results of experiments using an iNOS inhibitor (SMT) and an NO donor (FK-409) appear to imply that the mechanism involving endotoxin-induced overproduction of NO is more influential than the mechanisms involving either endotoxin-induced cytokines (2, 5, 6, 9, 11, 15, 19, 22, 29, 33) or endotoxin acting directly (25, 26) . There are two possible mechanisms by which NO may decrease CYP enzyme activity. Either (i) NO binds to the heme moiety of CYP, resulting in its inactivation (5, 11, 16) , or (ii) NO decreases CYP mRNA expression (2, 11, 29, 32) . The studies reported here do not attempt to distinguish between these two possible mechanisms, and further studies are required to address this issue. Moreover, since antipyrine is completely metabolized by at least six hepatic CYP isozymes in humans (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C18, and CYP3A4) (3), decreased antipyrine clearance caused by endotoxin reflects the reduction of the activity of the sum of these enzymes. However, it has been reported that endotoxin suppresses the expression of different CYP mRNAs (CYP2C29 and CYP3A11) in iNOS knockout mice (25) , suggesting that more than one mechanism regulates CYP down-regulation by endotoxin. Thus, it will also be of interest to investigate the expression of CYP mRNAs and their protein contents under our experimental conditions in detail.
In conclusion, these experiments strongly suggest that excess NO plays a key role in the endotoxin-induced decrease in hepatic CYP-mediated drug-metabolizing enzyme activity. These results caution that gram-negative bacterial infection may increase the risk of the side effects of some drugs, especially those which are metabolized mainly by the liver, and suggest that more selective iNOS inhibitors may be useful drugs for ameliorating these endotoxin-induced changes.
